Introduction
There has been a breakthrough in the field of liver surgery over the past decade with the realization that liver resection is the only cure for liver tumors in many patients. The liver and platelets display a very intimate, though complex interconnection [1] . A number of proteins that induce opposing effects on liver regeneration are present in platelets. For instance, platelets harbor important growth factors for execution of liver regeneration, for example, hepatocyte growth factor (HGF) [1] . Contrariwise, platelets contain transforming growth factor-a (TGF-a), which is required for termination of liver regeneration. Thus, it is plausible that platelets may participate in orchestrating liver regeneration through harmonized stimulation and inhibition of growth-related signals. These authors concluded that platelet hepatocyte contact initiates signal transduction involved in growth factor activation. HGF, vascular endothelial growth factor (VEGF) and insulin-like growth factor-1 were found to contribute chiefly to hepatocyte proliferation [2] .
The mechanisms leading to the hemostatic changes during liver surgery are poorly understood, but Kerr et al. [3] found that thrombin-antithrombin and soluble tissue factor levels were higher, whereas antithrombin levels were reduced. Appropriate measures to correct any deviations from normal should be taken before unclamping the liver [4] .
Living donor liver transplantation (LDLT) is becoming a widespread procedure. However, the risk of surgical and medical complications in healthy donors is still a major concern.
Hypercoagulability contributes to thromboembolic complications after surgery and alterations in hemostasis after liver resection are difficult to predict. The perioperative management of donors to guide antithrombotic treatment and to increase the safety of the procedure could be useful [5] . Organs and tissues from pigs could be a potential alternative source for clinical transplantation because of their high similarity in anatomical and physiological aspects [6] .
Platelet activation and platelet consumption are well documented during graft reperfusion in patients undergoing liver surgery [7] . Platelet factor 4 (PF-4) and b- thromboglobulin (b-TG) are the release products of platelet-a granules, which have been shown to be markers for platelet activation [8] . PF-4 binds heparin with high affinity and neutralizes its anticoagulant activity [9] . It exhibits a variety of activities, including the potentiation of platelet aggregation [10] . b-TG also binds heparin but with lower affinity [11] .
Experimental liver transplantation is not only for training and technical modification, but it is also vital for the study of xenotransplantation, hepatocyte transplantation and for hepatic augmentation [12] . The pig has the greatest potential as a provider of organs for liver xenotransplantation [13] . Laboratory pigs are currently the preferred animal for experimental digestive surgery [14] .
The present work was designed to evaluate the functional and ultrastructural changes in platelets during and after major liver resection in healthy pigs as a trial to predict changes occurring in healthy liver donor.
Materials and methods

Study animals
Pigs have the greatest potential as providers of organs for liver xenotransplantation and are currently the preferred animal for experimental digestive surgery [14] . Thus, this study was conducted on 15 healthy adult pigs prepared for hepatic resection obtained from the animal house of TBRI (Theodor Bilharz Research Institute).
Technique of liver resection
Clamp-crush technique for right trisegmentectomy has been used to decrease blood loss, which is one of the main factors affecting the development of surgical complications. It includes the following approaches.
Extrahepatic approach
The hepatic veins were ligated and dissected extrahepatically prior to their joining.
Intrahepatic approach
The hepatic pedicles were approached directly by the anterior intrahepatic approach, and then the dissection of the hepatic parenchyma along the hepatic fissures and the ligation of the pedicles directly within the liver were done. Incisions of the liver capsule around the porta hepatis allow limited intrahepatic dissection. Dissection along the sheaths around the portal triads provides access to the main trunk sheaths supplying an entire hemiliver and then to segmental divisions. Clamping of these divisions was used to confirm identification by devitalization of the supplied segment(s) and the appropriate sheath was ligated.
Blood samples collection
Five peripheral blood samples were collected: one before surgery (S 1 ); two during surgery, one after liver mobiliz-ation and prior to ligation (S 2 ) and the other after resection (S 3 ); and two samples after surgery, on day 7 (S 4 ) and day 14 (S 5 ). Blood samples (15 ml each) were collected on 0.109 mol/l citrate anticoagulant containing theophylline, adenosine and dipyridamole (CTAD tubes; Boehringer Mannheim, Mannheim, Germany). Blood collected was carefully handled to avoid release of b-TG and PF-4 from platelets and was immediately cooled for 15 min on ice.
Investigations
(1) Platelet count was determined using Coulter counter (T660). (2) Blood was centrifuged at 270g and 48C for 15 min and the supernatant platelet-rich plasma (PRP) was aspirated carefully without disturbing the buffy coat or red cells. Then, PRP was centrifuged in a conical tube at 2000g and 48C for 30 min and 1 ml of the middle part of the supernatant platelet-poor plasma (PPP) was collected and kept frozen at À808C till examined. b-TG and PF-4 were assayed using ASSERCHRO b-TG and PF-4 ELISA kits (Boehringer Mannheim) [15] . (3) Electron microscopic examination of peripheral blood platelets: after centrifugation of PRP, the pellet is resuspended in fixative solution, 4% glutaraldehyde with sodium cacodylate, and then fixed in 2% osmium tetraoxide, dehydrated with ascending concentration of alcohol and embedded in epoxy resin according to the technique of Grimaud et al. [16] . Semi-thin sections, 1 mm thickness, were performed by ultramicrotome from the made capsules and stained with methylene-blue azure-II and examined by light microscopy to choose the areas of ultra-thin section, which were mounted on copper grids and double stained with uranyl acetate and lead citrate and examined by Phillips electron microscopy.
Statistical analysis
The data are presented as mean AE SD (Â AE SD). The means of the different groups were compared globally using the analysis of variance (ANOVA). The data were considered significant if P values were of 0.05 or less.
Results
Peripheral platelet count
The mean value of platelet count in all cases before the operation was 216 AE 20.3 (103/cm 3 ); it significantly dropped after hepatic mobilization and more after resection [(P < 0.05) and (P < 0.01), respectively] in comparison to normal level. After resection and unclamping, it was significantly (P < 0.05) decreased in comparison to count determined before resection while clamps were applied. On day 7, it started to rise; it remained significantly lower than normal level (P < 0.05), but it was significantly (P < 0.05) higher than the levels determined during surgery (P < 0.05). On day 14, it increased to become nonsignificantly different from preoperative count, but significantly higher than that on day 7 ( Table 1 , Fig. 1 ).
Parameters of platelet activation
The mean values of markers of platelet activation, B-TG and PF-4, before the operation were 18.8 AE 7.5 and 4.8 AE 1.7 IU/ml, respectively. Both of them were significantly increased after hepatic mobilization and resection [(P < 0.05) and (P < 0.01), respectively] during the operation. On day 7, they decreased to become nonsignificantly different from the normal level. On day 14, they significantly reincreased in comparison to the normal level (P < 0.01) as detected in Table 1 and Fig. 2 .
Electron microscopic examination of platelets Electron microscopic examination of separated platelets from peripheral blood revealed that their shape was normal before the operation. They changed after hepatic mobilization and resection during the operation to involve all signs of activation such as degranulation and loss of normal shape with long thin filopodia extending out from them. These changes disappeared on day 7
and then the long thin filopodia could be reobserved on day 14 (Fig. 3 ).
Discussion
Blood loss during liver resection occurs mainly from transection of the fragile collaterals that develop from the portal hypertension, from raw areas remaining after liver resection and preexisting abnormalities of clotting, platelets and fibrinolysis [17] .
The present experimental study was designed to evaluate the functional and ultrastructural changes in platelets during and after major liver resection in healthy pigs as a trial to predict changes occurring in healthy liver donors.
The mean value of platelet count significantly dropped after hepatic mobilization and more after resection [(P < 0.05) and (P < 0.01), respectively] in comparison to normal level. After resection and unclamping, it was significantly (P < 0.05) decreased in comparison with the count determined before resection while clamps were applied. On day 7, it started to rise; it remained significantly lower than normal level (P < 0.05) but significantly Peripheral platelet count and platelet activation Helmy et al. 239 1-W PO, 1 week postoperative; PF-4, platelet factor 4; b-TG, b-thromboglobulin. M Significant versus preoperative value (P < 0.05). MM Significant versus preoperative value (P < 0.01). y Significant versus levels after manipulation. z Significant versus levels after excision. # Significant versus 1-W PO.
Fig. 1
Platelet count before the operation, after hepatic mobilization and resection during the operation and on day 7 and day 14 after the operation. Markers of platelet activation (platelet factor 4 and b-thromboglobulin) before the operation, after hepatic mobilization and resection during the operation and on day 7 and day 14 after the operation. b-TG, b-thromboglobulin; PF-4, platelet factor 4.
(P < 0.05) higher than the determined level during surgery (P < 0.05). These data illustrate the effect imposed by hepatic manipulation and/or surgical procedures on platelet count. This finding goes in hand with that by Rosenfeld et al. [18] who reported that the increase in platelet function during major abdominal surgery may be attributed to the a 2 -adrenergic receptors on their membranes, so the increases in plasma epinephrine and norepinephrine during surgery may be responsible for the increase in platelet aggregation. In a trial to explain thrombocytopenia occurred after manipulation and clamping that aggravated after resection and unclamping, Khandoga et al. [19] reported that hepatic ischemia/perfusion significantly enhanced plateletendothelial cell interactions in terminal arterioles and postsinusoidal venules that lead to platelet stagnation in sinusoids. Also, Nascimbene et al. [20] found that thrombocytopenia is common during liver surgery either due to the reduced thrombopoietin level or platelet sequestration, whereas Chang et al. [21] reported that the thrombocytopenia after liver surgery could be considered a possible indicator of flow disturbance in the portal vein.
Furthermore, on day 14, platelet count increased to become nonsignificantly different from the preoperative count, but significantly higher than that on day 7, thus manifesting the gradual improvement in the immediate postoperative thrombocytopenia. These results agreed with those by Ben Hamida et al. [22] , who reported that thrombocytopenia occurred in 65% of patients undergoing transplantation with a mortality rate of 18% compared with 2% in nonthrombocytopenic patients and concluded that thrombocytopenia for 3 days is frequent after liver transplantation, but it is not an important contributor to bleeding. The improvement in platelet count and concomitant coagulation profile could be attributed to the synthesis of thrombopoietin in the liver, which is a potent stimulator of megakaryocyte growth and platelet production [23] . Faeh et al. [24] reported that thrombopoietin serum levels increased significantly on first day after liver surgery, preceding the increase in reticulated platelets by 3 days and peripheral platelets by 5 days. The rapid increase in thrombopoietin serum levels after surgery induces an increase in the bone marrow production of platelets. Kizaki et al. [25] found that bone marrow platelet production increased significantly within 2 weeks of surgery and thus normalization of the peripheral platelet count occurred in most patients within 14 days of surgery and was not hampered by platelet activation. They also found that the sharply elevated peripheral platelet count on day 14 confirmed that the initial drop in peripheral platelet count was not caused by the surgical trauma or the general anesthesia because preoperative platelet count was regained within 2 weeks.
Kerr et al. [3] reported that liver surgery might cause an acute and profound platelet activation. Accordingly, the levels of markers of platelet activation, PF-4 and b-TG, which are the release products of a-granules, significantly increased after hepatic mobilization and resection during the operation. This result is in accordance with the degranulated spiny sphere-activated platelets detected in the peripheral blood by electron microscopy in our study. The activated platelets might contribute to the platelet activation factor (PAF), which has a powerful effect on the cells that are likely to be present at the site of injury and interacts with platelets to induce activation. Also, Upadhya and Strasberg [26] reported that platelet adhesion to hepatic sinusoidal endothelial cells results in increased expression of the platelet receptor (von Willebrand's factor), increased platelet adhesion and platelet activation. In support of the present work, the significant increase in both b-TG and PF-4 after hepatic mobilization and resection [(P < 0.05) and (P < 0.01), respectively] during the operation was noted. On day 7, PAF released at the site of injury started to diminish [3] ; so these markers of platelet activation decreased to become nonsignificantly different from normal level. On day 14, the significant reincrease (P < 0.01) may indicate some minor degree of immune-mediated activation with the minor release of a-granule proteins [27] . Electron micrograph of separated platelets from peripheral blood showing normal platelet (a), activated platelets after hepatic mobilization with long thin filopodia (b), degranulated abnormal shaped platelet after the resection (c), and spiny sphere platelet with filled granules on day 14 after the operation (d) (Â20 000).
Additionally, Meade et al. [28] found that some patients with thrombocytopenia have been found to have high concentration of PAF, thus raising the possibility that PAF participates in the pathogenesis of these conditions. Busch et al. [29] reported that after PF-4 has been released from platelets binds to heparin-like molecules on the surface of endothelial cells. PF-4 heparin complex and PF-4 heparin-like molecules complexes on endothelial cells have been implicated as the target antigens in heparin-induced thrombocytopenia [30] ; on other hand, PF-4 has been shown to predominantly inhibit megakaryopoiesis [31] .
As general anesthesia by itself does not induce a drop in peripheral platelet count or platelet activation [32] , so these results suggest that the early acute thrombocytopenia during the operation may be either related to elevated plasma level of PF-4 released from platelets in consequence to PAF released at site of injury or to disseminated intravascular coagulation and platelet trapping. Our results are not in agreement with those of Kaneko et al. [33] who found that platelet number did not change significantly during the operative period and in agreement with DelGaudio and Martinez [34] who reported that preoperative use of platelets is necessary and postoperative blood products may be required.
It could be concluded that liver surgical intervention causes an acute and profound drop in peripheral platelet count with increased platelet activation as judged by elevated plasma levels of PF-4 and b-TG and confirmed by electron microscopy. These results point to the necessity of proper systemic coagulant therapy in addition to platelet transfusion at the end of surgery for 1 week in the case of major hepatic resection.
